Exercise capacity in cardiac transplanted patients has been reported to remain decreased in some studies; however, functional results after transplantation may vary, ranging from modest to spectacular improvement. The aim of the study was to quantify exercise capacity in a large series of transplanted patients and to search for factor predictive of a good functional result Eighty-five patients (mean 521 ±11-8 years) underwent exercise testing with respiratory gas exchange measurements 1 to 100 months after transplantation. Mean performance was 112-4±33W with a peak Vo 2 of 21 1 ± 6 ml. min" ' . k g " '. Heart rate was 103 ± 14 at rest, reaching 142 ± 22 beats . min ~ ' at the end of exercising.
Introduction
Exercise capacity in cardiac transplanted patients has been reported to remain decreased in many studies 16 ' 17 ', a low chronotropic reserve associated with denervation [l8l9] and rejection phenomena 1 ' 01 . However, functional results after transplantation may vary, ranging from modest to spectacular improvement. Moreover, the series already published are often of small size and the evolution of functional capacity over time still remains to be clarified. The functional or anatomical re-innervation noted a few years after transplantation in such patients suggests guarded optimism regarding their exercise capacity. Therefore, the aim of this study was, on the one hand, to quantify exercise capacity in a large series of transplanted patients and to search for factors predictive of a good functional result; and on the other, to assess the evolution over time of exercise capacity, particularly with regard to any modification in chronotropic reserve.
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Methods

Population
Eighty-five transplanted patients underwent exercise testing to measure respiratory gas exchange. All patients were followed-up regularly and since they were not suffering from any locomotor or cardiovascular contraindications were physically able to exercise. In addition, recent myocardial biopsies in those tested showed no significant sign of rejection. Fortyfour patients had ischaemic cardiomyopathy before transplantation, 37, idiopathic cardiomyopathy, two, valvular heart disease and two, right dysplasia.
The following patient data were recorded: age of donor, ischaemic time of graft (between procurement and transplantation), time since transplantation, number of rejection episodes, presence or not of complete right bundle branch block on the ECG at rest, and aetiology of cardiac failure requiring transplantation.
All patients' medical regimens, including antihypertensive and immunosuppressive agents, were continued on the day of testing. The most frequently used antihypertensive agents were calcium channel blockers (n = 50) and angiotensin-converting inhibitors (n= 11). Seven patients were also on diuretic therapy and two were receiving low dose beta-blockers for tremors. Twenty-four patients (28%) had no antihypertensive therapy. All patients in the study cohort were receiving immunosuppressive therapy, which consisted of prednisone in 96% of patients, azathioprine in 7% and cyclosporine in all patients. statistically significant. Preliminary simple linear regression indicated the variables associated with exercise capacity indexes. For multiple linear regression analysis (Statview 4.5), the significant variables were entered in a stepwise fashion (including the best variable first, then the variable whose additional contribution to the first was greatest, and so on).
Exercise protocol
Symptom-limited, graded exercise testing was performed on a bicycle with continuous 15-lead electrocardiographic monitoring (Marquette Electronics, Milwaukee, WI, U.S.A.) and breath-by-breath analysis of expired gases (Medical Graphics corporation, St Paul, MN, U.S.A.). No patient underwent exercise testing within 1 month of a prior rejection episode. All subjects underwent one or more familiarization maximal exercise tests with respiratory gas analysis before the study. On each occasion, the patient were asked to exercise until symptoms forced them to stop.
After a 3 min rest period on the ergometer, exercise was begun at an initial workload of 10 W, followed by a continuous ramp protocol corresponding to increments of l O W . m i n " 1 to a symptom-limited maximum. Blood pressure was measured with a cuff sphygmomanometer every 3 min. For each exercise test, the following parameters were calculated: expired minute ventilation (VE), peak oxygen consumption (peak Vo 2 ) corresponding to the highest attained oxygen consumption, Co 2 output (Vco 2 ), respiratory exchange ratio (RER = Vco 2 /Vo 2 ), and ventilatory equivalent for O 2 (VE/VO 2 ) and Co 2 (VE/VCO 2 ). Oxygen consumption at anaerobic threshold (VO 2 AT) was defined as the Vo 2 at which VE/VO 2 was minimal followed by a progressive increase, and the Vo 2 at which the respiratory exchange ratio began to rise more steeply. Chronotropic response was defined as peak heart rate minus resting heart rate. Data were also analysed using the concept of heart rate reserve (heart rate reserve=heart rate at peak exercise -resting heart rate/age-predicted maximal heart rate -rest heart rate), where the age-predicted maximal heart rate is 220-recipient years in age, and index of chronotropic response is chronotropic response/resting heart rate. Age, gender, weight and height-adjusted predicted peak Vo 2 measurements were determined using the Wasserman formulas' 201 . Exercise test results were also stratified into three groups according to time after transplantation; group I up to 12 months, group II between 12 and 36 months, group III more than 3 years after transplantation.
Statistical analysis
Data are provided as the mean ± one standard deviation. Two-way analysis of variance was used for multiple group comparison; a P value <005 was considered
Results
The age of the patients ranged from 18 to 67 years (mean 52-1 ±11-8 years). Donor age was 29-7 ±9-3 years, mean ischaemic graft time was 118-4 ±43 min, number of rejection episodes was between 0 and 5 (mean l-3± 1-3), and 35 patients had a complete right bundle branch block on ECG at rest.
Mean performance of the 85 patients was 112-4±33W with a peak Vo 2 of 21-1 ± 6 ml. k g " ' . min" '. Vo 2 at ventilatory threshold could be measured in 73 and was 15-5 ± 5 ml. kg" ' . min" '. Heart rate was 103 ±14 at rest, reaching 142 ±22 beats, min" 1 at the end of exercising (85 ±13% of theoretical maximal heart rate). Chronotropic reserve was 38-6 beats, index of chronotropic response, 38 ± 18%, and heart rate reserve, 63-5 ± 32-7%. Systolic and diastolic blood pressure were 140 ±17 and 94 ± 13 mmHg at rest and 179 ± 29 and 94 ± 13 mmHg at the end of exercising.
Correlation between peak Vo 2 expressed in 1. min ~' or ml. min ~ ' . kg ~' and maximal workload achieved by patients (or time of exercise) ranged only from 0-68 to 0-78. Simple linear regressions were expressed for both these two maximal exercise parameters and at a submaximal exercise level (Vo 2 at anaerobic threshold), the assessment of which is less dependent on patient cooperation during exercise.
In univariate analysis, maximal or submaximal aerobic capacity parameters were strongly correlated with chronotropic reserve (Fig. 1 ) (or chronotropic response indexes). Other significant parameters are listed in Table 1 . On the other hand, we found no significant correlation between peak Vo 2 and cold ischaemic time (r=009, / 3 =ns), heart rate (r=007, / > =ns) or systolic blood pressure at rest (r=0-04, f=ns).
There was no significant difference either according to the number of rejection episodes, or for peak Vo 2 between patients with a right bundle branch block (n=35) (21-9 ±6-2 ml. kg" 1 .min" 1 ) and those without (n = 50) (20-5 ±5-8 ml. kg" 1 .min" 1 ). Patients transplanted for ischaemic myocardiopathy reached 21 -7 ± 5 ml. kg ~' . min " ' and those for a primary myocardiopathy 19-8 ± 51 ml. kg" ' . min" ' (/>=ns).
Multiple regression analysis was then used to estimate the prognostic values of the 10 clinical and exercise variables significantly correlated with peak Vo 2 in univariate analysis. Variables were included in a stepwise manner avoiding simultaneous evaluation of variables suspected to be dependent. Chronotropic reserve, time from transplantation, age of donor and age Eur Heart J, Vol. 18, November 1997 Chronotropic reserve (beats.min ) Figure 1 Correlation of Vo 2 at peak exercise and chronotropic reserve (heart rate at end of exercise minus resting heart rate). of patient were proved to be the variables best correlated with peak Vo 2 ( Table 2) . The same variables, except time from transplantation, were correlated with Vo 2 at anaerobic threshold.
Exercise tests were performed from 1 to 100 months after transplantation. Peak Vo 2 correlated negatively with time since transplantation (Fig. 2) . Eighteen patients (group I) were examined in the year following transplantation (mean 5-6 ± 2 months), 25 patients (group II) between 12 and 36 months (mean 22-5 ± 6-7 months) and 42 patients (group III) more than 3 years after transplantation (mean 59-5 ± 16-7 months). These groups were similar regarding age, age of donor, cold ischaemic time, height and weight (Table 3) . Figure 3 represents the evolution of heart rate response: although group III had a lower resting heart rate (102 ±13 beats . min ~'), the difference was not significant in groups I (110 ±11 beats, min" 1 ) or II (106 ± 16 beats, min" 1 ). When exercising, the increase in heart rate in the three groups became significant in relation to the resting Eur Heart J, Vol. 18, November 1997 rate only after 6 min. Maximal heart rate was lower in group III (137 ± 22 vs 144 ± 1 9 and 149 ± 20 beats . min ~ ') but the level of exercise reached (102 ± 27 vs 124 ± 4 and 122 ± 28 W) and peak Vo 2 (19-2 ± 5-7 vs 23-3 ± 6-3 and 22-6 ± 5-3 ml. kg ~' . min ~ ') were lower (percentage predicted peak Vo 2 by Wasserman formulas were 56 ±18%, 61 ±21%, 54 ±16%). Therefore, the oxygen pulse after exercising was not different between the groups (group I: 12-7 ± 2-9, group II: 13 ± 3-5, group III: 11 -9 ± 3 1 ml. beat" 1 ). At the end of exercise, the respiratory exchange ratio, minute ventilation and ventilatory equivalent for carbon dioxide were similar in the three groups (Table 3) .
Discussion
Several studies have underlined the decisive long-term impact of certain factors, such as donor age [2l) and chronotropic reserve 1 ' 8191 , but unlike ours, none has assessed their respective roles in a stepwise multivariate analysis. However, it should be stressed that only patients who survived or were able to perform an exercise test could be evaluated, a factor which underestimates the mean exercise capacity of all transplanted patients at the mid-and long-term.
Our series confirm that the large decrease in aerobic functional capacity persists despite cardiac transplantation. Mean performance was 112-4±33W, with a peak Vo 2 of 21 -6 ± 6 ml. kg ~ l . min ~ ' and a ventilatory threshold Vo 2 of 15-5 ± 5 ml . kg~ ' . min" 1 . Previous studies demonstrated a similar reduced peak oxygen consumption up to 18 months after transplantation, ranging from 14 to 21-7 ml . min~ ' . kg~1
[ '~1 3 '. Although univariate analysis demonstrates a good correlation between actual performance and several clinical and ergometric factors (Table 1) , stepwise multivariate analysis shows that peak Vo 2 is closely linked in a decreasing manner, first to chronotropic reserve (r=0-63), then to time after transplantation (r=0-39), donor age (r=0-32), and patient age (r=0-38).
The good correlation between peak Vo 2 and patient age is not surprising. In normal subjects aerobic capacity decreases with age, and the large variation in age in our series (17-67 years) demonstrates this. Apart from the age of transplanted patients, Labovitz et a/. [15] found a correlation between peak Vo 2 , on the one hand, and length of hospitalization, ischaemic time, and the number of rejection episodes, on the other. We found no such correlation between peak Vo 2 and the two latter parameters. This discrepancy may be due to the greater size of our series, especially since the correlations of Labovitz et a\. were very weak. However, the ischaemic time of the graft and the number of rejection episodes probably influence survival more than functional outcome. Our exclusion of the most seriously ill patients or those with significant rejection probably eliminates factors which are predictive of functional capacity.
To our knowledge, no correlation has ever been found between donor age and peak Vo 2 in transplanted patients, although the influence of donor age on survival has been underlined' 21221 . The rate of chronotropic deficiency, sometimes requiring the implantation of pacemaker, is higher if the donor is over 45 years whatever the ischaemic time' 201 . Peak Vo 2 was similar in patients with or without right bundle branch block in our series. Although this conduction abnormality is generally observed immediately after surgery' 23 ' and suggests a peri-operative injury, it seems to have no consequence on long-term survival or exercise capacity.
In our study, the importance of chronotropic reserve (maximal heart rate -resting heart rate) is the most important prognostic factor of peak Vo 2 in transplanted patients. For Mandak et alP\ peak Vo 2 is linked to maximal heart rate and not to chronotropic reserve. Moreover, we tested other factors of chronotropic Eur Heart J, Vol. 18, November 1997 reserve used by other authors' 18 ' 19 ', but these were not better correlated with exercise capacity other than the simple difference between maximal heart rate on exercising and at rest. An increased maximal heart rate has been observed over time [l8>l9 ' 2l) . We did not observe a return to normal values of peak exercise heart rate and exercise duration in the long-term after transplantation. This chronotropic response to exercise of the denervated heart has been well described' 9 " 10 '. We also found a resting tachycardia and delayed heart rate response during exercise; a significant increase in heart rate occurred after only 6 min of exercise, even in group III patients. An increase in maximal heart rate over time post-transplantation has been used as further evidence supporting re-innervation [8>2l ' 25] . However, while our grafted patients with over 3 years follow-up did not have a higher heart rate after exercising, their respiratory coefficient and ventilation were similar to those in the other groups, thus indicating maximal exercising and good cooperation.
A marked difference in heart rate recovery was apparent early after exercise. The heart rate continued to increase for up to 2 min after exercise in group I patients, whereas an immediate deceleration occurred in groups II and III. This evolution of chronotropic reserve over time is unusual. Since peak Vo 2 and chronotropic reserve are closely linked, both parameters deteriorate over time, whereas a progressive improvement in chronotropic reserve might be expected. It is therefore unclear whether the reduced peak heart rate is the result or the cause of the decreased exercise capacity in these patients. Peripheral vascular and muscular factors that may be reversed by rehabilitation probably play an essential role in this respect.
Patients were studied at different times after transplantation, and the study was cross-sectional, describing trends in groups at varying times after transplantation. The size of groups I and II (transplanted with less than 1 and 3 years follow-up, respectively) is smaller than that of group III (over 3 years follow-up), but statistical comparison is possible. The difference is also testimony to the decreasing number of transplantations performed in recent years through lack of donors.
The study does not reveal the mechanisms involved in limiting exercising capacity. Explanations may include cardiac denervation, immunosuppressive therapy, and deconditioning. The rate of variance in our multivariate analysis indicates that other variables predictive of exercise capacity were not taken into consideration. In a smaller series of 30 patients investigated with simultaneous gas analysis, radionuclide angiography and invasive haemodynamic monitoring, inadequate cardiac index response during exercise resulted from a combination of chronotropic incompetence and diastolic dysfunction [7] . Although echocardiographic evaluations are regularly performed in our patients, data could not be strictly collected in the same periods as the exercise tests.
Until now, the present series of such patients is the largest reported. Unfortunately, it underlines that the exercise capacity of transplanted patients does not improve over time, and that it is linked not only to the patient's age but to that of the donor, and especially to chronotropic reserve. In view of recent arguments in favour of re-innervation, if not anatomical at least functional, the decrease in chronotropic reserve over time is probably the effect of deconditioning, which could be minimized by involving such patients more widely in retraining programmes 114 ' 151 .
